ABSTRACT Doxorubicin (DXR) is a frontline chemotherapy agent implicated in unintended ovarian failure in female cancer survivors. The fertility preservation techniques currently available for cancer patients are often time and cost prohibitive and do not necessarily preserve endocrine function. There are no drug-based ovary protection therapies clinically available. This study provides the first investigation using dexrazoxane (Dexra) to limit DXR insult in ovarian tissue. In KK-15 granulosa cells, a 3-h DXR treatment increased double-strand (ds) DNA breaks 40%-50%, as quantified by the neutral comet assay, and dosedependent cytotoxicity. Dexra exhibited low toxicity in KK-15 cells, inducing no DNA damage and less than 20% cell loss.
INTRODUCTION
The numbers of people surviving cancer are progressively rising with advances in early detection and treatment, making unintended, long-term consequences of chemotherapy an immediate challenge for the health care community. According to the American Cancer Society, there will be roughly 740 000 new female cancer cases nationwide this year. Breast cancer is the most prevalent among these cases, and up to 50% of breast cancer survivors will develop premature ovarian insufficiency as a result of their chemotherapy treatment [1] . In addition, approximately 1 in 800 female adults will be a survivor of childhood cancer by the year 2020 [2] , roughly 7% of whom will experience ovarian insufficiency [3] . Ovarian insufficiency in turn increases the survivor's risk for infertility, osteoporosis, and heart disease. It is therefore imperative to find ways to preserve ovarian function for cancer survivors and thereby enable a better quality of life.
The American Society of Clinical Oncology recommends physicians offer fertility preservation options to female cancer patients of reproductive age. The options currently available include embryo, oocyte, and ovarian tissue cryopreservation, and ovarian suppression [4] . The recommended therapies, however, are expensive with no guaranteed success, delay cancer therapy, and are not available for prepubescent patients. In addition, oocyte and embryo cryopreservation provide limited future fertility options, but they do not protect ovarian endocrine function and prevent premature menopause or osteoporosis. New chemotherapy-shielding approaches must be developed to protect the function of the ovary as a whole. Doxorubicin (DXR), an anthracycline, was first used in clinical trials in the 1960s and is still a cornerstone agent in chemotherapy regiments for breast and childhood cancers [5] . Although DXR treatment causes infertility in cancer patients due to follicular attrition [4] , the mechanism(s) of DXRinduced cell death in the ovary are undefined. We and others have shown DXR induces acute apoptosis (within 12 h) in the mouse ovary [6] [7] [8] (Roti Roti, Leisman, Salih, personal communication); this acute cell death occurs primarily in the granulosa cells of growing follicles as opposed to stroma cells and primordial follicles [6] [7] [8] .
DXR can induce cellular toxicity via two distinct mechanisms, depending upon cell type and growth rates. This intercalating drug kills rapidly dividing cancer cells by preventing resealing of topoisomerase II (TOP2)-mediated double-strand (ds) DNA breaks that occur during normal DNA replication [9, 10] . Cells respond to unrepaired DNA damage by committing to apoptotic death. In the heart, where DXR causes dose-limiting toxicity, the drug's primary mode of insult occurs when DXR interacts with iron to induce oxidative stress [11] [12] [13] [14] [15] . Blocking oxidative stress is sufficient to prevent acute DXR insult in the heart but is not enough to prevent long-term DXR cardiotoxicity, which requires TOP2 inhibition as well [16] . Whether one or both of these mechanisms functions in the ovary is not well-defined.
Dexrazoxane (Dexra) (also known as ICRF-187) is a chemoprotectant currently used to protect the heart and skin from DXR-induced extravasation and cardiotoxicity [17] [18] [19] [20] [21] . Dexra can protect cells via two mechanisms, both of which correspond to the known modes of DXR-induced toxicity. Dexra, a member of the bisdioxopiperazine family [22, 23] , specifically inhibits the closed-clamp conformation of TOP2, keeping TOP2 bound to the DNA after resealing the strand breaks, thereby preventing the next enzymatic cycle of TOP2-mediated dsDNA breaks [16, [23] [24] [25] [26] [27] [28] . Cells cleave Dexra during normal metabolism, creating an ethylenediaminetetraacetic acid (EDTA) derivative that chelates iron to reduce oxidative stress, providing the mechanism by which it protects the heart from acute DXR injury [29, 30] . Importantly, Dexra does not prevent DXR antitumor activity in breast cancer nor pediatric leukemia cases, and does not increase the risk for secondary malignant neoplasm in leukemia cases [17, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] .
This study is the first to test Dexra as an ovarian chemoprotectant agent and demonstrates that Dexra prevents DXR-induced DNA damage in KK-15 granulosa cells at doses that do not limit H 2 O 2 -induced DNA damage, suggesting that the mechanism of DXR insult in these cells is largely based on TOP2 activity. The putative protective agent also blocks DXRinduced H2AFX activation and attenuates DXR toxicity, rightshifting the kill curve 5-to 8-fold. Similarly, Dexra attenuated the DNA damage response to DXR for cells from in vitro murine ovary culture and primary murine granulosa cells, where Dexra right-shifted the DXR kill curve ;2-fold. The data suggest Dexra is a promising drug to develop as a protective agent to attenuate DXR injury in the ovary. This approach has the advantage over current fertility preservation methods in that it may be applicable to prepubescent patients, limits downstream genetic consequences following chemotherapy, and circumvents the prohibitive time and expense involved in traditional fertility preservation options and hormone replacement therapy.
MATERIALS AND METHODS

Chemicals and Drugs
Complete protease inhibitors were obtained from Roche. All the other chemicals were obtained from Fisher. DXR was obtained as a gift from the UW-Madison Chemotherapy Pharmacy as a 2 mg/ml aqueous solution. Dexra (Sigma) was solubilized in dimethyl sulfoxide (DMSO) (stock ¼ 80 mM).
Cell Line
KK-15 (mouse immortalized granulosa-derived cell line) cells were cultured in 50/50 Dulbecco modified Eagle medium (DMEM)/F12 (Cellgro) supplemented with 2.5 mM L-glutamine, 15 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 10% heat-inactivated fetal bovine serum, and penicillin 1000 units/ml; Cellgro and streptomycin 1000 lg/ml; (Cellgro) at 378C with 5% CO 2 .
Ovary Culture
This study was conducted in accordance with the recommendations of the Guide for the Care and Use of Laboratory Animals and the Animal Welfare Act and its subsequent amendments. All the animal procedures were reviewed and approved by the Graduate School Animal Care and Use Committee of the University of Wisconsin-Madison. The University of Wisconsin Animal Care Facility is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care as part of the University of Wisconsin-Madison Graduate School. Animals were housed in the University of Wisconsin Animal Care Facility and provided standard care with free access to food and water. Female CD1 mice were purchased from Charles River Laboratories through the University of Wisconsin Animal Care Facility. Ovaries were harvested from 4-wk-old female CD1 mice euthanized with CO 2 per approved animal protocol. Ovaries were cleansed of bursa and attached fat in minimal essential media (minus phenol red). One ovary from each mouse was transferred to a filter basket (Millipore) in a well containing ovary culture media (Ham F12/DMEM minus phenol red, 0.01 mg/ml bovine serum albumin [BSA], 1 mg/ml albumin, 0.05 mg/ml ascorbic acid, 5 units/ml penicillin, 5 lg/ml streptomycin, and 0.0275 mg/ml transferrin) plus Dexra or DMSO (vehicle control) and incubated for 1 h at 378C. Ovaries were then transferred to baskets in new wells containing DXR or DXR plus Dexra at the concentrations given in the figures. Ovaries were incubated an additional 3 h at 378C and then processed for the neutral comet assay (NCA; see below). Granulosa cells and oocytes were released by gently puncturing the follicles. Stroma cells were isolated by 30-min treatment with 0.25% collagenase at 378C followed by cell dispersion using a 23-gauge needle. While this cell-separation technique does not provide pure cell populations, it is expected to provide two populations that are enriched in granulosa and theca/stroma cells, respectively. We will refer to these enriched populations as granulosa cells and stroma/theca cells throughout.
Primary Granulosa Cell Culture
The second ovary from each mouse (above) was incubated for 30 minutes at 378C in dissociation media (DMEM/F12, 0.5 M sucrose, and 10 mM ethylene glycol tetraacetic acid). Granulosa cells were released by gently puncturing the follicles and dispersed into single-cell suspensions using a 23-gauge needle. Viable cells were counted using trypan blue exclusion, and for the NCA, cells were plated in 6-well dishes at 2 3 10 5 cells/well and cultured overnight at 378C in 5% CO 2 . The cells were then pretreated with DMSO (carrier control) or 20 lM Dexra for 1 h at 378C. DXR was then added at the given concentrations to the media containing either DMSO or Dexra as indicated in the figures. After a 3-h incubation with DXR, the cells were processed for the NCA.
Neutral Comet Assay
KK-15 cells at 50% confluency were treated with drugs (see the figure legends). The cells were pipetted to achieve single-cell suspensions in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , and 2 mM KH 2 PO 4 ), and blind samples were subsequently used. The cells were diluted 1:10 in 1% lowmelting agarose/PBS and plated onto microscope slides (precoated with 1% agarose in double-distilled [dd] H 2 O) with coverslips and incubated 10 min on ice. Coverslips were removed, and the slides were incubated for 1 h at 48C in the NCA lysis buffer (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, pH 10.0, 1% Triton X-100, and 10% DMSO). The slides were then equilibrated 30 min at 48C in 90 mM Tris base, 90 mM boric acid, and 2 mM EDTA, and subjected to 30 min electrophoresis at 25 volts. The slides were rinsed twice with ddH 2 O and dried overnight at room temperature. Nuclei were stained by incubating the slides for 20 min in 2 lg/ml propidium iodide in PBS. The slides were washed twice with ddH 2 O and imaged on an Olympus microscope fit with a 203 objective and a live charge-coupled device camera (University of WisconsinMadison Flow Cytometry Facility). Images were collected using Spot Advanced Plus software. Olive moments [42] were measured using CometScore software (Autocomet.com), collecting at least 50 cells per condition. Postanalysis, the samples were unblinded. One-way ANOVA analysis with a Bonferroni means comparison was carried out using OriginLab.
Lysate Preparation
KK-15 cells were plated at 1 3 10 6 cells per 100 mm dish 24 h prior to drug treatment. Following drug treatment, the cells were washed twice with PBS, scraped into 1 ml PBS, and collected in microcentrifuge tubes. All the steps for nuclear lysate preparation were conducted at 48C. Cells were harvested by centrifugation for 5 min at 900 3 g. Pelleted cells were resuspended in 250 ll hypotonic solution-10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1.5 mM MgCl 2 , 10 mM KCl, 0.5 mM dithiothreitol, and 13 complete protease inhibitors (PIs) (Roche)-and incubated 15 min on ice. Cells were physically disrupted using 40 strokes of a size B Dounce homogenizer. Lysates were centrifuged 5 min at 230 3 g to pellet the nuclei and membranes. The nuclear pellet was resuspended in 200 ll of 0.25 M sucrose, 10 mM MgCl 2 , 13 PIs, and 1 mM sodium orthovanadate; layered over 200 ll 0.88 M sucrose, 0.5 mM MgCl 2 , 13 PIs, and 1 mM sodium orthovanadate; and centrifuged 10 min at 2800 3 g with no brake to enrich for nuclei. Nuclear pellet was solubilized in 100 ll of radioimmunoprecipitation assay buffer (100 mM Tris, pH 7.3, 500 mM NaCl, 1% Triton X-100, 0.5% deoxycholate, 0.2% sodium dodecyl sulfate, 1 mM sodium orthovanadate, 100 mM NaF, and 13 PIs). Samples were sonicated five times for 10 sec on ice with a 5-sec rest between each burst. Lysates were stored on ice overnight at 48C and then analyzed via Western blots.
Western Blot Analysis
Protein quantification was determined using the BioRad DC Protein Assay per the manufacturer's instructions. Lysates were prepared in Laemmli sample buffer (63 mM Tris HCl, 10% glycerol, 2% sodium dodecyl sulfate, 0.0025% bromophenol blue, and 50 lM dithiothreitol, pH 6.8) and heated for 5 min at 958C. Approximately 10 lg total protein was loaded per lane and samples were size separated on a 4%-20% gradient gel (BioRad) under reducing conditions. Proteins were transferred to polyvinylidene fluoride membranes optimized for fluorescence (Millipore) where the membranes were preblocked in TBS-T (20 mM Tris base, 137 mM NaCl, and 1M HCl) plus 5% BSA for 1 h at room temperature. Blots were probed with rabbit anti-phospho cH2AFX antibody ROTI ROTI AND SALIH (1:500; Abcam) and mouse anti-b actin (1:1000; Sigma) in TBS-T plus 5% BSA overnight at 48C. Blots were washed with TBS-T and then probed with donkey anti-rabbit Alexa 680 (1:15 000; Molecular Probes) and donkey antimouse IRdye 800 (1:15 000; LiCor) in TBS-T for 1 h at room temperature. Blots were washed with TBS-T, dried, and scanned using the LiCor Odyssey System (University of Wisconsin Small Molecule Screening Facility). Density measurements were taken using the Odyssey software.
Cytotoxicity KK-15 cells were plated in a 96-well dish, 5000 cells/well, 24 h prior to drug treatments. Primary granulosa cells were plated in a 96-well dish at 1.5 3 10 4 cells/well 24 h prior to drug treatments. Triplicate samples were processed using the CellTiter-Glo kit (Promega) per the manufacturer's protocol, and the luminescence was read on a Synergy plate reader (Typhoon, University of Wisconsin Small Molecule Screening Facility). Graphs were generated in Origin. Two-way ANOVA was done using OriginLab.
RESULTS
DNA Damage and Cytotoxicity Profiles of DXR and Dexra in KK-15 Cells
Testing Dexra as a putative protective agent required defining the onset of DXR-induced DNA damage in our murine granulosa-derived cell line model, KK-15. We used the NCA to quantify acute DXR-induced DNA damage in KK-15 cells. This is a sensitive single-cell assay of DNA damage where ds breaks are measured as the OM [42] . Time-course experiments revealed that 3 h was the earliest time at which 500 nM DXR exposure induced measurable DNA damage (OM), with no further significant increase at 6 h (Fig. 1A) . The 3-h point was therefore utilized in subsequent experiments. Treating for 3 h with either 50 or 500 nM DXR, to encompass the range of circulating blood serum concentrations in patients (100-400 nM) [43] , induced a 40%-55% increase in the extent of DNA damage in KK-15 cells (Fig. 1B) .
A 3-h pulse with DXR was also sufficient to cause dosedependent KK-15 cell death as demonstrated by cytotoxicity curves. Cells were treated with DXR at the indicated doses either continuously for the entire duration of the experiment or for only 3 h; the media was then replaced with drug-free media. The percentage of viable KK-15 cells 48-h postdrug treatment was quantified using the ATP-based CellTiter-Glo kit. The cytotoxicity curve generated from a 3-h pulse of DXR paralleled that from continuous exposure (Fig. 1C) , indicating that DNA damage measured after 3 h (Fig. 1B) is sufficient to induce dose-dependent cell death.
KK-15 cells were treated with Dexra alone to determine whether the putative protective agent caused any measurable DNA damage or cytotoxicity. Cells were treated for 3 h with indicated Dexra concentrations, and DNA damage was measured using the NCA. Summary data demonstrated the OM never rose above baseline levels (Fig. 1D) , indicating that Dexra did not cause any dsDNA damage. In addition, treating KK-15 cells for 24 h with a 100-fold range of Dexra doses induced less than 20% cell loss as measured by the ATP-based viability assay (Fig. 1E) . A 3-h pulse exposure caused less than 5% cell loss (Fig. 1E) . These data indicate that Dexra causes minimal toxicity in KK-15 granulosa cells.
Dexra Provided Protection from DXR-Induced DNA Damage and H2AFX Activation
To test the hypothesis that Dexra protects KK-15 cells from DXR-induced DNA damage, dsDNA breaks in cells exposed to DXR for 3 h, with or without a 1-h Dexra preincubation and continued cotreatment, were measured using the NCA. OM measurements quantified in Figure 2A demonstrated that cotreatment with 20 or 200 lM Dexra prevented DNA damage induced by 500 nM DXR. In addition, Dexra (0.2-200 lM) reduced dsDNA breaks resulting from 50 nM DXR treatment to at or below control levels (Fig. 2B) . Dexra pretreatment is required to afford protection from DXR in KK-15 cells because adding Dexra and DXR to the cells simultaneously did not provide protection (data not shown). These data demonstrate that cotreating KK-15 cells with a 1000-fold range of Dexra concentrations prevented the onset of DXR-induced DNA damage in a dose-independent manner.
We tested the hypothesis that Dexra also attenuated DXRinduced H2AFX activation, the earliest cellular reporter of DNA damage. KK-15 cells were exposed to 500 or 50 nM DXR for 3 h (Fig. 2, C and D, respectively) with or without a 1-h, 2À200 lM pre-and cotreatment with Dexra. Nucleusenriched lysate fractions were analyzed on Western blots probed for S139-phosphorylated (activated) H2AFX and bactin (loading control) (Fig. 2, C and D) . Dexra attenuated H2AFX phosphorylation in response to DXR at every dose tested, consistent with the DNA-damage protection afforded by Dexra in the NCA.
Dexra is an inhibitor of TOP2 catalytic activity, but it is also an EDTA derivative and can limit oxidative stress. To help determine which mechanism plays the primary role in preventing DXR insult in granulosa cells, we assessed Dexra's ability to prevent oxidative stress-induced DNA damage in our model system. KK-15 cells were treated with H 2 O 2 (an oxidative stress-inducing agent) in the presence or absence of Dexra. The DNA damage response to the H 2 O 2 treatment appeared greater than the 3-h DXR response, but the two were not significantly different. OM measurements revealed that a 1-h pre-and cotreatment with Dexra attenuated H 2 O 2 -induced DNA damage in a dose-dependent manner (Fig. 3) . While 200 lM Dexra prevented and 20 lM Dexra diminished the DNA damage response to H 2 O 2 , 2 lM Dexra had no effect (Fig. 3) . In contrast, both 2 and 20 lM Dexra completely eliminated DXR-induced DNA damage (Fig. 2B) , suggesting that at these doses, the anti-oxidant effect is not sufficient to account for Dexra-mediated protection from DXR-induced DNA damage and that the protection may predominantly occur through inhibition of TOP2 catalytic activity. We attempted to copurify Dexra bound to TOP2 from the treated KK-15 cells to measure the extent of inhibition achieved in the cells during the Dexra treatments. Dexra does not bind covalently to TOP2, however, and is washed out during the stringent protein purification process required to purify and assay TOP2 activity (Brian Hasinoff, personal communication). Because we were unable to copurify Dexra-TOP2 complexes from KK-15 cells, we cannot rule out the involvement of undefined ovarian-specific mechanisms for Dexra-mediated protection in these cells.
Dexra Rescued KK-15 Cell Viability in Response DXR
To determine whether attenuating acute DNA damage translated into increased cell viability, we assessed changes in DXR's cytotoxicity dose-response curve in the presence or absence of Dexra. KK-15 cells were pretreated for 1 h with Dexra or DMSO (carrier control) followed by continuous exposure to DXR with or without Dexra as indicated in Figure  4 . At 24 h post-DXR treatment, every Dexra dose examined right shifted the cytotoxicity curve, resulting in a 5-to 8-fold increase in the LD 20 (Fig. 4) . The LD 50 would not have been an 
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accurate measurement because 50% cell loss was reached only at the highest DXR dose with 24-h treatment, and the LD 50 was therefore not calculated. Treatment with 10 lM Dexra afforded the best protection, inducing the largest LD 20 shift. These data demonstrate Dexra preserves KK-15 cell viability in the presence of DXR.
Dexra Prevents DXR-Induced DNA Damage in Primary Granulosa as well as Granulosa and Theca/Stroma Cells from Cultured Ovaries
The ovary is an organ with a complex structure, consisting of multiple cell types. To determine whether Dexra could protect ovarian cells from DXR insult in a more nativelike environment, murine ovaries were cultured in vitro and treated with DXR with and without Dexra. Both stroma/theca and granulosa cell populations exhibited a 40%-65% increase in dsDNA breaks, measured by the NCA, in response to a 3-h exposure to a range of DXR doses as summarized in Figure 5 , A and B. In contrast, oocytes did not exhibit DXR-induced damage in response to the 3-h treatment with DXR (Fig. 5C) . Cotreatment with 20 lM Dexra (1-h pretreatment and maintained in the media with DXR) prevented or significantly decreased DXR-induced dsDNA breaks in stroma/theca (Fig.  5A ) and granulosa cells (Fig. 5B) at doses up to 10 lM DXR. Dexra had no protective effect on the oocytes because of the inherent absence of DXR-induced DNA damage (Fig. 5C ). Cotreatment with 20 lM Dexra also prevented the DXRinduced 20%-40% increase in DNA damage across the same range of doses in primary murine granulosa cells (Fig. 5D ). These data suggest that Dexra can protect the ovary as a whole from DXR insult.
Dexra Rescued Primary Granulosa Cell Viability in Response to DXR
To determine whether Dexra could increase the viability of primary granulosa cells to the same level as that seen with KK-15 cells, we assessed changes in DXR's cytotoxicity doseresponse curve in the presence or absence of Dexra. Primary granulosa cells were pretreated for 1 h with Dexra or DMSO (carrier control) followed by continuous exposure to DXR with or without Dexra as indicated in Figure 6 . After 24-h continuous DXR treatment, 20 and 200 lM Dexra right shifted 
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the cytotoxicity curve for DXR, resulting in a !2-fold increase in the LD 20 and 1.5-to 2-fold increase in the LD 50 (Fig. 6) , respectively. Treatment with 2 lM Dexra did not significantly shift the cytotoxicity curve (Fig. 6 ). These data demonstrate Dexra doses ranging from 20 to 200 lM preserve primary murine granulosa cell viability in the face of DXR insult.
DISCUSSION
This study is the first to identify Dexra as a drug-based protection mechanism to prevent anthracycline toxicity in the ovary and to implicate Dexra as a promising candidate for continued in vivo experiments to prevent DXR-induced ovarian insult. In the mouse model granulosa cell line, a wide range of Dexra doses eliminated acute DNA damage and H2AFX activation in response to DXR. Similar reductions in DNA damage were obtained using Dexra to protect mouse primary granulosa cells and in vitro mouse ovary cultures from DXR insult. The putative protective agent also significantly increased cell viability following DXR treatment.
This study is also the first to identify an ovarian protective agent that prevents both the primary DNA insult and ensuing toxicity, rather than inhibiting only apoptosis that occurs subsequent to the initial insult. In the ovary, an organ dedicated to supplying, protecting, and maturing oocytes for reproduction, genetic fidelity is critical. Oocytes have extraordinary DNA repair machinery, and simply blocking apoptosis in response to radiation or cisplatin is sufficient to preserve follicles and viable oocytes [44, 45] . Oocytes exposed in vitro, however, cannot repair DNA damage after premature removal from DXR treatment [46] , so preventing the initial insult is critical to maintaining their genetic fidelity. Over the time course of our 3-h in vitro ovary treatment, oocytes did not exhibit DXR-induced DNA damage (Fig. 5) . This is consistent with a TOP2-mediated damage model because a vast majority of oocytes in the ovary are meiotically quiescent. Whether oocytes would exhibit DXR-induced DNA damage, however, if followed over a longer period and as they mature remains to be seen. Future studies will determine whether Dexra protects The graph depicts summary of four experiments (6 SEM). The cells were pretreated for 1 h with Dexra or DMSO followed by the addition of DXR to the media already containing Dexra or DMSO. The presence of Dexra shifted the LD 20 for 24-h exposure to DXR 5-to 8-fold for all Dexra doses tested (P , 0.01, two-way ANOVA). The maximum shift was seen with 10 lM Dexra, but there was no statistically significant difference between the protective effect across the Dexra doses (two-way ANOVA, P . 0.05).
" FIG. 5. Dexra prevented DXR-induced DNA damage in stroma/theca and granulosa cells from in vitro cultured murine ovaries and primary murine granulosa cells. Bar graphs summarize the OM quantification from four experiments (*P , 0.05, one-way ANOVA). Example images are given to the right of each graph. In vitro cultured ovaries or primary granulosa cells were pretreated with 20 lM Dexra or DMSO (the vehicle carrier control) followed by the addition of DXR for 3 h in the continued presence of Dexra. A) Stroma/theca cells: Dexra prevented or reduced the 45%-65% increase in DNA damage induced by 50 nM, 500 nM, or 10 lM DXR (vs. DMSO carrier for control) in stroma/theca cells from in vitro culture ovaries. B) Granulosa cells: Dexra eliminated the 45%-65% increase in DNA damage caused by exposure to 50 nM, 500 nM, or 10 lM DXR in granulosa cells from in vitro cultured ovaries. C) Oocytes: Oocytes from ovaries treated in vivo for 3 h with DXR did not show significant DNA damage response in the NCA (P . 0.05, one-way ANOVA), and the presence of 20 lM Dexra did not alter the comet moment (OM). D) Primary murine granulosa cell culture: Dexra eliminated the 20%-40% increase in DNA damage induced by 50 nM, 500 nM, or 10 lM DXR in primary murine granulosa cells. Original magnification 3200.
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oocyte DNA integrity in vivo in the face of DXR insult and whether the protection can be maintained to preserve development and maturation prior to ovulation and meiotic competence through to fertilization.
Maintaining the integrity of the other cell types comprising the ovary is also of paramount importance in preserving oocyte health. Granulosa cells sustain the oocyte; they are the primary site of DXR-induced apoptosis [6] and therefore must also be protected to preserve follicular and oocyte integrity. Furthermore, granulosa cells produce estrogen that promotes endometrial proliferation for embryo implantation and have a role in protecting from osteoporosis and urogenital atrophy [47] . Likewise, stroma/theca cells are integral to preserving ovarian structure and function, playing a key role in steroidogenesis and hormone synthesis. Data presented here show that Dexra prevented DXR insult in primary cultured murine granulosa cells and granulosa and stroma/theca cells from in vitro ovarian culture; future studies will determine whether Dexra also protects each ovarian cell type from DXR insult in vivo, thereby preserving follicular health and oocyte viability. The lack of Dexra protection of the oocytes in this study was due to the inherent lack of DXR toxicity on the oocyte in our model of ex vivo ovarian culture. While others have shown denuded oocytes cultured in vitro with DXR exhibit DNA damage [46] , we did not observe induced DNA damage in our ex vivo ovarian culture, suggesting the surrounding follicular cells and stromal tissue may play a role in protecting the oocyte from DXR toxicity. The potential to protect the ovary as a whole from chemotherapy, regardless of cell type, makes Dexra a promising tool as an ovarian shield.
DXR can cause cellular toxicity via two main mechanisms: oxidative stress and TOP2-mediated dsDNA breaks following DXR intercalation into DNA. If DNA damage occurs via the TOP2-dependent mechanism, we predict that Dexra-afforded protection will be solely dependent upon Dexra's inhibitory constant for TOP2 and therefore independent of DXR concentration. In agreement with this prediction, we found that DNA damage caused by 50 or 500 nM DXR was prevented by Dexra under identical pretreatment conditions (Figs. 2 and 5) . If the tested Dexra dose is sufficient to completely inhibit TOP2 activity, the observed protection will also be independent of Dexra concentration. While we could not copurify TOP2-Dexra complexes from treated KK-15 cells, studies from multiple groups have demonstrated that Dexra and other members of the bisdioxopiperazine family inhibit the enzymatic activity of purified TOP2 [48, 49] and have identified residues in the N-terminus of TOP2 critical for Dexra binding through mutation and crystallography studies [25, 26] . Our data fit the model of TOP2 dependency for dsDNA breaks because every tested Dexra concentration afforded similar protection from DXR-induced DNA damage (Fig. 2) . In contrast, Dexra prevented oxidative stress-induced DNA damage in a dose-dependent manner. In addition, doses of 2 and 20 lM Dexra were sufficient to completely prevent Step 1 illustrates DXR intercalation into DNA; the structure is from Protein Data Bank 1D12 [56] . The presence of DXR prevents resealing of TOP2-mediated strand breaks.
Step 2 illustrates Dexra bound to the N-terminal TOP2 active site, stabilizing the closed-clamp conformation after strand resealing but prior to releasing the DNA from the enzyme.
Step 3 illustrates DXR can still intercalate into DNA when Dexra is bound to the TOP2 active site. The enzyme cannot cleave DNA and thus the presence of DXR does not result in strand breaks. This may allow the cells to clear DXR and limit the drug's toxicity.
ROTI ROTI AND SALIH DXR-induced DNA damage in KK-15 and murine granulosa cells, but either failed or only partially decreased H 2 O 2 -induced DNA damage. We therefore propose a model in which DXR causes acute DNA damage in granulosa cells primarily in a TOP2-dependent manner and KK-15 cells are protected from that insult mechanism by Dexra pretreatment. Dexra-afforded protection from DXR-induced cytotoxicity, however, may be more complicated. In primary murine granulosa cells, 20 and 200 lM Dexra increased cell viability in response to DXR, where 2 lM Dexra did not. This dose dependence suggests that DXR cell demise may include an oxidative stress response or other unknown ovarian-specific mechanisms. In addition, Dexra did not completely prevent DXR-induced cell demise at DXR concentrations above 100 nM, consistent with the possible role of multiple DXR-toxicity mechanisms or indicating that higher doses of Dexra may be required to completely eliminate DXR-induced cytotoxicity.
Dexra pretreatment is required to afford protection from DXR in our cell system, just as in the heart and skin; adding Dexra and DXR to the cells simultaneously did not provide protection. While DXR is labeled a TOP2 poison, Dexra is an inhibitor of TOP2 catalytic activity, and the two drugs act at different points in the enzymatic cycle of TOP2 as illustrated in steps 1 and 2 of the model (Fig. 7) . DXR, and other TOP2 poisons, act early in the enzymatic cycle, preventing resealing of TOP2 dsDNA breaks based on the drug's presence in the DNA strands (step 1 of the model, Fig. 7 ) [16, 27, 28, 50] . During normal DNA processing, in the absence of TOP2 poisons, TOP2 seals the strand breaks and then releases the DNA (step 2 of the model, Fig. 7 ). Dexra acts by stabilizing the closed-clamp conformation in which TOP2 holds the DNA after resealing breaks [16, 23, 27, 28, 50] . In this model, pretreating cells with Dexra locks TOP2 in the closed-clamp conformation, preventing DNA release from the TOP2 complex and making the enzyme unavailable to cleave the DNA when cells are subsequently treated with DXR (step 3 of the model, Fig. 7 ). We hypothesize that this allows the cells to clear DXR, providing long-term increase in cell viability. The effects of Dexra are reversible, making it well-tolerated in slow-or nondividing cells.
Whether only one of both of the DXR-insult mechanisms occurs in the intact ovary in vivo remains to be seen. The ovary is a unique, heterogeneous organ within which follicles reside in various developmental stages ranging from rapidly growing antral follicles to quiescent primordial follicles. It is possible that these distinct follicle populations respond differently to DXR based on cell division rates and metabolic activity. One model is that primordial follicles may respond to DXR via the oxidative stress pathway, in a manner similar to nondividing heart cells, while growing follicles may succumb to TOP2-mediated DXR insult. Given this inherent heterogeneity of the organ, however, our data indicate that Dexra may still be effective in protecting the ovary as a whole. Dexra similarly protected granulosa and stroma/theca cells with no evidence for separate populations exhibiting differential responses. These data therefore suggest Dexra provides a unique tool that may be well-suited to protecting a heterogeneous organ like the ovary because it can prevent both mechanisms of DXR toxicity and appears effective across granulosa and stroma/theca cell types. Future studies may also determine whether other members of the bisdioxopiperazine family can similarly protect the ovary from chemotherapy insult.
Dexra may provide a time-and cost-efficient way to attenuate DXR insult in the ovary and prevent premature menopause and associated health risks without decreasing the effectiveness of cancer therapy as evidenced by its clinical application to prevent both DXR-induced cardiotoxicity and extravasation [17] [18] [19] [20] [21] . Dexra does not diminish DXR antitumor activity in pediatric leukemia cases; while it may slow the response, it does not diminish survival in breast cancer cases; and nor does Dexra increase the risk for secondary malignant neoplasm in leukemia cases [17, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . One possible explanation for this dichotomy, protecting healthy tissue but not cancer cells, was provided in a mechanistic study by Yan et al. [51] . Their work demonstrated that while Dexra blocked DXR-induced dsDNA breaks in a human fibrosarcoma cell line, it did not prevent DXR-induced apoptosis that occurred via glutathione depletion in a TOP2-independent manner. Dexra can have synergistic effects when combined with other chemotherapy agents in cancer treatment. Dexra impairs the development of DXR resistance in the leukemia cell line K562 [52] and is synergistic with docetaxel or docetaxel plus DXR in treating MCF7 wild-type or resistant breast cancer cells and BT474 breast cancer cells [53] . Combined therapy incorporating Dexra with DXR allows an increase in the maximal DXR dosage used [40] . This may be beneficial for patients with triple-negative breast cancer, whose cancer is aggressive and DXR is part of the frontline chemotherapy regime [38, 41, 54] . Similarly, Dexra pretreatment allows increased doses of etoposide in a mouse model by preventing not only cadiotoxicity, but preventing etoposide-induced decreases in white blood cell, platelet, and absolute neutrophil cell counts [55] , suggesting that Dexra has the potential to prevent insult across a range of TOP2 poisons.
Utilizing a chemical ovarian shield like Dexra presents a clear advantage over traditional hormone replacement therapy and current fertility preservation approaches. Traditional fertility preservation options are both time and cost prohibitive. While they can provide the option for a female cancer survivor to have biologically related children in the future, they do not protect endocrine function of the ovary. This leaves survivors susceptible to premature ovarian insufficiency and associated health complications, including osteoporosis and cardiovascular disease. Ovarian hyperstimulation and in vitro fertilization cycles required for oocyte and embryo banking for cancer patients can delay cancer therapy and promote the growth of tumors that are hormone responsive. In addition, oocyte and embryo cryopreservation are not treatment options for prepubescent patients. Pretreating patients with Dexra prior to DXR may provide a time-and cost-effective way to preserve not only fertility, but endocrine function as a whole. It is a therapy that should be equally effective in pediatric as well as adult cancer patients and bypass the pitfalls of hormone stimulation. This therapy therefore has the potential to increase the quality of life for female cancer patients without compromising their cancer treatment.
